Neurological diseases are especially devastating when they involve neurodegeneration. Neuronal destruction is widespread in cognitive disorders such as Alzheimer's and regionally localized in motor disorders such as Parkinson's, Huntington's, and ataxia. But, surprisingly, the onset and progression of these diseases can occur without neurodegeneration. To understand the origins of diseases that do not have an obvious neuropathology, we tested how loss of CAR8, a regulator of IP3R1-mediated Ca 2+ -signaling, influences cerebellar circuit formation and neural function as movement deteriorates. We found that faulty molecular patterning, which shapes functional circuits called zones, leads to alterations in cerebellar wiring and Purkinje cell activity, but not to degeneration. Rescuing Purkinje cell function improved movement and reducing their Ca 2+ influx eliminated ectopic zones. Our findings in Car8 wdl mutant mice unveil a pathophysiological mechanism that may operate broadly to impact motor and non-motor conditions that do not involve degeneration.
Introduction
The severity of neurological disease increases with neurodegeneration. In Alzheimer's disease, cognition declines with widespread neuronal destruction and in Parkinson's, Huntington's, and ataxia movement rapidly deteriorates with the onset of neurodegeneration (Gennarino et al., 2015) . However, neurodegeneration may not be a prerequisite for such dysfunction. Here, we used the cerebellum as a model to uncover how an intact circuit can still impact disease outcome.
The cerebellum is involved in a number of motor disorders including ataxia, dystonia, and tremor (Louis et al., 2011; Orr, 2012; Wilson and Hess, 2013) . Purkinje cells are the presumed source of these disorders, and they often degenerate (Unno et al., 2012; Orr, 2012; Prudente et al., 2013; Louis, 2014 ). Yet in some diseases, movement is obstructed before Purkinje cells degenerate (Shakkottai et al., 2011) . In other cases, motor problems start early in life before circuits mature, without leading to massive degeneration (Pandolfo, 2008) . This raises a critical question; what features of Purkinje cell wiring influence motor disease when basic circuit anatomy persists?
To address this problem, we first needed to identify an appropriate model. We found that the spontaneous mutant mouse, waddles, may be ideal for several reasons. Waddles (wdl) mice contain a deletion in exon 8 of the carbonic anhydrase 8 gene (Car8), creating a null allele with no protein (Jiao et al., 2005) . In the brain, CAR8 protein is expressed predominantly in Purkinje cells. Its expression is initiated during embryogenesis and maintained into adulthood (Kato, 1990; Taniuchi et al., 2002) . CAR8 belongs to a family of zinc metalloenzymes that catalyze the reversible hydration of CO 2 (Tripp et al., 2001) , although it lacks the catalytic domain that would make it an active carbonic anhydrase (Kato, 1990) . It does, however, bind to inositol 1,4,5-triphosphate receptor type 1 (IP 3 R1), with the effect of decreasing the affinity of IP 3 for its receptor (Hirota et al., 2003) . Car8 wdl mice have ataxia and appendicular dystonia, with cerebellar microcircuit abnormalities (Hirasawa et al., 2007) occurring without gross anatomical defects (Jiao et al., 2005) . In humans, mutations in the homologous gene, CA8, also cause ataxia and a predisposition for quadrupedal locomotion (Turkmen et al., 2009 ). CA8, with at least three other ataxia/tremor causing genes, define this heterogeneous condition called CAMRQ (Ali et al., 2012) . Interestingly, ITPR1 mutations cause SCA15 spinocerebellar ataxia, which can also involve tremor (Van de Leemput et al., 2007) . The pathogenic roles of Car8 suggested to us that Car8 wdl mice could be useful for testing how motor diseases arise without neurodegeneration.
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